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I. INTRODUCTION

Criteria for high explosive detonation via projectile impact are important
from both safety and lethality considerations. The study of both impact and
explosive detonation encompasses sowme of the most complex phenomena encoun-
tered in the physical sciences. Consequently, each area (high velocity impact
and explosive detonation) has been the subject of numerous counferences,
symposiums, and technical papers.

Since projectile induced detonation criteria has such important lethality,
safety, and survivability implications, a technical literature information
search wvas initiated. A primary objective was to acquire insight into the
physical phenomena causing detonation via impact. This, in turn, could lead
to better utilization, or even enhancement, of present empirical predictive
schemes employed in various lethality codes. Reference ! employs part of
this predictive methodology (the Jacobs—Roslund equation) in the analysis of
experimental data.

This information search has yielded five sets of experimental dara which
have been reexamined in this investigation. These data have been derived by
subjecting bare unprotectsd explosive samples to normsl impact of flat-faced
projectiles as schematically shown in Figure 1. The basic information, which
came from diverse sources, is plotted in Figure 2.

The information search is contiauing and appropriate data are being reex—
amined. However, enough analysis has been donz to indicate that enhancements
or supplements to certain portions of the current empirical detonation predic-
tion methodology may be feasible or even necessary. [p any event, the current
oethodology (for prediction of explosive detonation wvia projectile velocity
and size) could be checked by incorporating the "aritical area”™ (A.r) concept
suggested by Henry Moulard {2] and [3].

Specifically, during the present investigation, some empirical relation-
ships were found which are simple functions of known impact shock variables
and either A.r or A, the projectile cross—section area.

These relations, involving cross-section arec dimensious, can be useful in
projectile size/detoaration prediction criceria, for lechality/survivability
assessment codes.

Even though the physical meaning of certain empirical relations is not
crystal clear, their uniform and consistent data correlation suggests that
they are natural parameters associated with fundamental physical phenocmena.
While searching for some explanation of the strong critical area effect, its
connection with an energy rate or power input was found.

The present investigation strongly indicates that a minimum (or critical)
area dependent shock energy input rate (or power) is necessary for detonation
{nitiation. This is analogous to results reported by investigators of gaseous
explosive detonation. This mimimum amount of power input, joules/microsecond
(J/usec), must be sustained for a minimum amount of time (t.p), which {s de-
pendent on the overall energy input requirements.
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It 18 shcwn that the area dependent energy rate is inversely proportional
to the shock velocity in the explosive. An obvious question is: “What is the
minioum shock velocity required to initiate reactions leading tc detonation?”
This quaestion led to the results described in Appendix G. 1In this appendix, a
crystal lattice fracture or disintegration criteria is applied to compute the
minimuz shock velocity and pressure required to initiate detonation. More
work remains to be done with respect to this concept, since it appears to be
fundamentally significant.

Time wise integration of the area dependent energy input rate expression
produced 2n axpression for the total high shock energy input as a function of
timse. This expression i{s employed to demonstrate that when the projectile and
explosive cross section areas are sufficiently larger than A.r, then the vell
known (area independent) constant energy per unit area detonation criteria
will logically appear as the dominant parametar. This situation is prevalent
in the one~dimensional tests and it may obscure the important energy rate (or
pover) input role.

The seven appendices of this report provide certain background i{nformation
with respect to:

A, B - Shock Phenomenon and Data

c - The Critical Energy Criteria

D ~ The Critical Area Criteria

E = Current Projectile Impact Prediction Criteria A
F - Explosive Rod Diameter Effect

G ~ Crystal Lattice Fracture and Detonation Criteria
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IT. ANALYSIS
A. Critical Area Acr Relations

Moulard (2] clearly demonstrated his point with respect to A.p for an
explosive which conformed to the constant energy criteria (P, UPex tep ™
Const). The constant energy relation [4] was developed from an eéxamination of
one dimensional thin metallic foil planar i{mpact detonation data reported in
{S]. Moulard points out that small projectile or fragment impact is a three-
dimensional phenomenon, even if the contact surfaces are planar. Moulard
shoved that a minimum shock loaded interface contact area (A.y) is ilmportant
in addition to the well known shock pressure (Pg) and duratlion (ter) condi-
tions from the constant energy per unit area relation:

Pg Upex ter ™ C; = Constant @)
Upex = Particle velocity of the explosive behind the shock frount.

A dimensional analysis of Eq. (l) reveals that:

Pg U ter =(E L\t . FL _ \Work
Pex L2/\t Ef Area

F _ [Force (2)
L Length

This shows that force per unit length could also be {mportant. Was
there some other combination of variables having dimensions of force per unit
length which was constant also? Subsequent work with Moulard's (2] data for
the Comp-B3 explosive (Table 1 and Appendix D) revealed empirically that:

Ps‘VAcr = (o9 = Constant
- (E \L _ Work
L2 Area
<(E . Force (3)
L Length
. Nete that Moulard [3] presented correlation logarithmic plots of
Pg versus A... Equation (3) explicitly delineates a plausible P4 and A.p
relationship.
Division of Eq. (1) by Eq. (3) yields:
Upex ter . C,

r C2

= Dimensionless (4)
Constant

The [2] data alaso confirmed Eq. (4).




Would any of the other available small projectile {mpact detonation
data also substantiate Eqs. (3) and (4)? Analyses of the classic data re-
ported in (6] and (7] (Comp-B and Tetryl), and [8] (TINT), also substantiated
Eqs. (3) and (4) to a remarkable degree. Tne more recent test results for
PBX-9404 [1l] also corroborated Eqs. (3) and (4) over a rather wide range of
projectile diameters. The constauts (Cy, Cz, and C3) are different for the
different explosives as shown in Tables 1 through 5, and Figures 3, 4, and S.

Tables 1-5 list A., results for Comp-B3, Comp-B, TT, Tetryl, and
PBX-9404, respectively. Figures 3 and 4 {llustrate the variation of P,VKcr
as a function of Py. Figure 5 depicts Up _ ter/ VAcr plotted versus Pg. Note

that P4 i8s a function of the impact velocity (Vi) (Appendix A). Py was em—
ployed as a unifyi{ng parameter because all of the experimental data were not
acquired with a single projectile material (Appendix B). The Vi required to
produce a certain Pg will be somevhat different for the different projectile
materials (mild steel and copper, or brass).

The values of PgyfAcr and Up < ter/ YAcr for a set of data were, of
course, sensitive to the basic input data for the explosive and projectile
(Appendices B and C). Some examples which focused attention on this fact are
as followa:

The initial computations for the pressed TNT data employed C, and S
values for cast TNT from [l2]. When the appropriate C, and S values for
pressed TNT [26] were utilized, the results were much more consistent. Impact
velocities, Vi, for the TNT data were difficult to determine precisely from
Figure 19 of (8]. However, by making iterative computations with aminute
changes in Vi, (for a given projectile diameter), very uniform P*,‘JA‘._r results
were obtained. The minyte changes in Vi were in the third and fourth decimal
places for Vi expressed in cm/ -sec. This final set of data for TNT (Table 3)
aldo provided very uniform results for the analysis of Section II.B (Table 8),
which {s {ndependint of 4 ..

The density of the (6] Tetryl was 0o = 1.54 grann/cn3. However, the
density of Tetryl employed to acquire C) was 1-655 gran/cn3 [16]. This result

for C| was employed since C| for oo = 1.54 grans/cn3 was not avallable. Some
of the incounsistency in the Tetryl results may be caused by mismatched C;
values. The results for PBX-9404 appeared somewhat more consistent when

Cy = 50.244 J/cm? [4]) was employed instead of C) = 64.4 J/cn? from a later
source [l4].

Although not thoroughly investigated, the projectile shock and par-
ticle velocity information (Appeundix B) is obviously an {mportant input also.
The steel projectiles are assumed to be low carbon mild steels. As such, they
may undergo a phase change whan shocked above about 130 Rilobars (Kbars). The
shock and particle velocity relationship will be different above and below
this transition i it existed for the steel of projectiles. Recommendations
for further investigation of this possible steel projectile phase transicion
effect are given {n Section IV.




From the above discussion, and that in Appendix C, it should be obvious
that obtaining a consistent set of ilnput information for both the explosives
and tha projectiles was a primary concern of the authors. Some additional
methodology coancerns are also expressed in the form of action recommendations
in Section IV.

Add{tional relations involving A.r and the shock variables can be
derived from Eqs. (1) ard (2). For inetance, one such relation is:

Pg Aer _ Acr(pogx Lugx) = Force

Up.x tcr tcr L.ngth
C22
= —— = (4 = Constant
; (5)
Where

Pogy = Initial unshocked density of the explosive
U'cx = Shock front velocity in the explosive

Tables 1 through 5 list Pg Acg/U ter for the test data considered
herein. For certain explosives, the ungngtﬁde of this parameter is very uni-

fora. The greatest deviation from uniformity occurs with PBX-9404 for projec-
tile C (19.050). A postulated explanation of the behavior of PBX-9404 for the
larger diameter projectiles is given in Section II.B.

It {s worth noting that Eq. (3) states that P, is inversely propor-
tional toyAcr. That is:

Ca C 1
Vi TV @

This relation is anslogous to a similar expression for the variation
of elastic wave stress amplitudes in a slender conical rod {38] or to spheri-
cally symmatrical elastic wave amplitudes. In Section II.C, both conical
(Eq. (23)) and spherical (Eq. (25)) volume relations are derived from the
cnergy integral (Eq. (20)).

Py




B. Projectile Cross=Section Area (A) Ralations

In Appendix F, it was conjectured via analogous reasoning that there
vas a relation between the critical Ignition Zone Length (IZL) and the nrojec-~
tile cross—-section dimeasions. This conjecture was verified by empiri.al num~-
arical exparimentation. The resulting expression (Eq. (6F) in Appendix F) is:

1ZL (Usex = UYpex) tcr c
Vi VA >
= Constant (6)

C5 is a constant or practically a constant for a given explocive. U'ox’ UPox’
ter, and A have all been previously defined in Section II.A.

Table 6 contains the computad values of IZL/VK for sach explosive
considered herein. These results are graphically depicted in Figures 6 and 7.
The average value of IZL/VA for each explosive is considered to be C5 for that
explosive.

Equation (6) states that the IZL is directly proportional to the
projectile diameter, or more ganerally to the square rcot of the projectile
cross-sectional area (VR). Note that Eq. (6) is oot based on the critical
ares (A p) concept.

Regardless of its .present uncertain phy;lcnl interpretation, Eq. (6)
sust define some natural parameter since its excellent corroboration for the
five diverse explosives considered herein can hardly be dismissed as fortui-
tous or coincidental. One of the better correlations came from the PBX-9404
data over an extremely broad range of conditions. In particular, the correla-
tion was good for the larger projectiles, which exhibdited considerable devia-
tion from the norm for the critical ares parameters (Section 11.A) and energy
input parameters (Section II.C).

It is believed that for the larger diameter projectiles, PBX-9404
behaves in the same manner as the propsllant LOVA-X1A reported i{n [41]. It
was shown {n [41] that ignition (burn) and detonation impact velocitiams are
different at the larger diameters, but are the sama at the smallar diameters.
Also, the ignition onset alvays sesmed to follow a constant critical energy
criteria, but detonstion initiation did not do so for the larger diaxster pro-
jectiles (Figure 3, (41]. See also the discussion in [22], particularly the
comments oy F. E. Walkar with respect to poussible low shock pressure effacts.

Other empirical relationships can be derived by combiniang Eq. 6§ with
Eqs. (1) through (5) of Section 1I.A. Two of the more plausible results are:




PgVAcr * A . PgVAr * A

(Usgx = Upex’ ter Lzl
= Ci/Cs
- C6
= Constant N

VA (Veax - Upax) - VAcr Po
Va4 Upex VA ( )Qx

Cs/C3

P=Po

-C7
=» Constant (8)
Results from Eqs. (7) and (8) are tabulated in Tabl¢ 6 for each data
po‘nt. They are valid on the boundary between detounation and no—detonation.
Note the results for TNT (Table 6) where it ia believed that all points are
on, or very close, to this boundary.

It was shown via Figures G-l through G-5 {n Appendix G that
(Pg = Pain) dp = Constant - (9)
Where Ppipn is the extrapolated point where 1/dy oquals zero, or one~

dimeasicnal conditions exist. Since dy is the projectile diaseter, Eq. (9)
implies that:

(Pg = P,in)\lx-- Constant
= Cg (10)
If Eq. (10) is multiplied by Eq. (6), this yields:
(Py = Pain) (Usgy ~ Upgx? ter = Cs * Cg
(Py = Ppin) (IZL) = Cg
= Constant (11)
Numarical results, given in Table 7, substantiated Eq. (10) for the
five sets of data under investigation  Figures 8 and 9). Equation (11) was
valid for pressed TNT, Tetryl and PBX-9404 (Figure 10). Comp~B3 and Cowmp-B
results exhibited a linear variation of (Pg = Ppin) (IZL; as a function of Pg.

Thue, for Comp~B3 and Comp-B, Cg of Eq. (8) is not a constant, tut could be
wricten as C)g + C1] * Pg, where Cjg and C)] are cunstants.

r T et A 5L i N~




Note that Egqs. (10) and (ll) are somewhat analogous to Eqs. (3) and
(1), respectively, in Section II.A. In the same manner, there is a similar
analogy between Eq. (6) in this section and Eq. (4) in Section II.A. These
equations are collected and displayed side by side in Figure ll.

C. Pover and Energy Relations

The empirical results of Section II.A, clearly demonstrate the per- -
vasive {nfluence of the critical area over a wide range of conditions for a
given explosive. One basic relation (Eq. (3)) and two auxillary relations
(Eqs. (4) and (5)) were obtained which were fuactions of the critical area,
the critical time, and the shock variables. These relations were either di-
mensionless (Eq. (4)) or had the units of anergy fluenca (Eq. (l)). A basic
and persistent question wvas: How do these relationships fit into overall gen-
eral relations which govern the physical phenomenia? In other words, what are
these general relationships?

Consequently, in search of increased physical insight, additional
analysis and empirical numerical exploration with respect to the shock energy
and energy input rate wvas performed as followvs:

Considar the projectile as a piston with a transieant cross—section
area, A(t). A(t) is the varisble shock loaded ares of the projectile/explo-
sive target interface as described by Moulard ([{2], [3], and Appendix D). The
total area dependent high shock energy input rate or powar input of the piaston
at this {nterface 1is:

dE -
-— = A(t) P. Upex

dt
Pyl :
- A . o ————
(t) (,o U.u) ,

= £ = J/y-sec (12)

This is the abbreviated form, commensurate with the critical energy
fluence criteria as commonly employed (Eq. C~1 of Appsrdix C). The exact
expression commansurate with Eq. C-3 in Appendix C, is:

dE po Ug? Up?
o = A) | —
de Ug - Up Jex

2
= A (t) s (13)

Pogx (U'cx = Uch)
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In the following analysis, Eq. (12) will be employed since it is coe~
patible with critical energy flux density (Pg UPex ter ® C1) vhich is utilized
extensively.

For simplicity, conaider a cylindrical projectile of Radius, R, such
that:

A(t) = 7 r(t)?

= v [R2 - 2R Uy t + (Us, t)2] (14)
Since
tit) = R - U,p t (15)

At ap arbitrary time, t], the energy; rate is:

A&

¢ = MEL) Pa Upg, = (B)g (16)

(é)t1 signifies the time derivative of E, evaluated at t). When
ty = 0, then:
(E)e, = A Pg Up, (an

(é)to is the maximum input energy rate. “Its numerical values are
listed in Table 8 for the five sets of data under investigation.

It 1s noteworthy that when t} » t.p, then (é)tcr can be expressed as
follows vis the empirical relations established iu Section II.A:

dE
It | eer Acr Ps Upgy

Acr C)
B eee—
ter
= (Aer o U Yy U 2
r Pogx "8ex’ "P ex

R

Poex U'cx
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Consgt.

U'ex

= (B)ey, (18)

Thus, from Eq. (18], (E)¢ r is inversely proportional to the explo-
sive gshock velocity; so it is not a constant. However, it should not exhibit
order of magnitude variations as delineated below. The importance of the
shock velocity influence is indicated by the following postulated upper and

lowver bounds for (z)tcr. '
sz
as tcr +»
. Poex U'f
(E)eie = )2
2
as tcr + 0 (19)
Poex D‘nx
Where

Ug, = ninimum shock velocity requiraed for self-sustained phcoon
fi‘lion or crystal lattice breakup and disintegration (Appendix
G, [46) and [47)).

'D,,,.x = @xplosive detonation shock velocity (Appendix F, Table
F—l).

These estimstes for the limits on (é)ccr are dapendent on the assuap-
tion that C7 remains constant at these extreme limits.

Computed values for the shock energy derivative (é)tcr and its pre~

dicted upper and lower bounds (Eq- (19) and Table G=2) are listed in Table 8
and shown vegfsus Pg in Figures 12, 13, and 14 for all five sets of experimen-
tal data. (E)tcr is bounded reasonably well by Eq. (19) wich the exception of
PBX-9404 at its upper limit. See the comments in Section 1I.B with respect to
PBX-9404 and the large diameter projectiles.

The faired (é)tcr values for Comp—~B3 (Figure 12) and Tetryl (Pigure

14) are somevhat speculative because of the scatter {n the computed results.
More refined computati{ions are planned as described in Section 1IV.

After observing (é)tcr varsus Pg in Figures 12, 13, and 14, Dr. Joe

Foster [42] remarksd that the trend vas similar to published results for
gasecus explosive detonation pover varsus energy criteria, since P; is energy
per unit volume. Susbequent inquiries ravealed (43], [(44], and [45] which
delineate power and energy requirements for gaseous explosive detonation. The
similarity of Figure § in (43] for gaseous detonation, and Figures 12, 13, and
14 io this report for solid explosive detonation, illustrates rather vividly
the analogous energy and power requirements for both gaseous and solid explo-
aive detonation.




That {s, for either solid or gaseous explosives subjected to low
shock (or energy) situations, a high energy rate or power {nput is required to
ianitiate irreversible reactions leading to detonation. Conversely, for both
solid and gaseous explosives, high shock pressure (or energy input) require a
relatively low power input. In aany cese, for a given shock pressure loading
(or energy input) at leasat a certain minimum energy innut rate (or power) must
be applied to either gaseous or solid explosives.

From Eqs. (12) and (14) the total high shock energy (J) may be com

puted for a cylindrical projectile of radius, R. This i{s accomplished as
follows to find E (t)}) = Ey for an arbitrary time, t;:

t1
E| = j A(t) Pg Up, 94t
o

t1
= 7Py Up.y .[ (R2 - 2R Ug, t + U,p2 t2) dt
o]

w
- — (R 2
3 (B¢ + R Ry + R1%) (Up,  t1) Py (20)

Where R; = R - U,p ty (21)
In general, E| may be written as:

EL = 3 (A +VA # A + A1) (Up,, t1) P (22)

Where
A = projectile cross~section area
A1 = high shock loaded interface area at time t| (Appendix D)

Equations 20 and 22 have an interesting interpretation. The
quantity:

1 NA. AL

= (A, )) (Upg, t1) (23)

is the volume of a general conical frustum whose length 1is Upex ty
and whoae end areas are A and A1 (Figure 15). Avl is the volumpe weighted area
of the frustrum cross-section. For a cylindrical projectile:

tl - (R - Rl)/Us

|4
where U,P = ghock velocity {n the projectile (24)




So that:
U

Volj = % (RZ + R * Ry + R;2) (R - Ry) Pex
U °p
¥ Pex
= — (R3 = R{J) (25)
3 s
P
In this form, Vol; ies one-fourth of the diffarence between two
spherical volumes times the velocity ratio, Uch/U'p'
The average energy input rate fromt = o to t = t] is: !
. E1
Bl " E
= Ay, Pg Up,. (26)
When t; = 0, E5 = O and
0
If tv = t.y, then:
Eer = % (A +VA . Acr + Acr) (Upg, ter) Pg
= (Avep) Ps Upgy ter
- (Avcr) €1
= (Vol.r) Pg |
| Pg U
[ - (83 - Rcr3) _—'—m
3 Us
P
X (r3 3
"3 (R% = Rep?) Po, Upp Upex (28)
The average critical energy input rate is:
. E (Ay._)C
(Ber) o er _ \ver 1
av. ter ter
= (Avcr) Ps Upex (29)
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If t] =T = R/Ug,, (1) = 0 and Ay = 0. Thus:

g

T (RY (Up, T) Ps

) " % (Upex T) s

Avp (Up,y 1) Ps

(Volp) Pg

(8) (*=2)

- (% R3) (Dop UPp UP.X) (30)
This relation has both conical and spherical volume connotations.
The average input rate for Ep is:
: Ep
(Erlay =77
A
- 3 P. UPC‘ (31)

Table 9 lists computation rasults for Avcr (Bq. (28)) for the five
sets ?f data being examined. Avcr was employed to compute E.yr (via Eq. (28))
and (Ecr).v (via Eq. (29)) and these quantities are givcg in Table 9. Table 9
also lista numerical results for By (via Eq. (30)) and (ET)av (via Eq. (31)).

What is the “"appropriate energy input rate?” Is it A.; Pg UPex or
Avee Pg UPax? The average value, Ay Py Up ., for the time interval, t.r,
is larger than Acr Py Up, ., and is a more conservative msasure of the power

input requirements. Certainly A.p P4 UPex should be considered an absolute
bare minimum requirement.

Consider the impact geometry depicted {n Figure 16 for typical tests
' where the areas, Ago, of both the flat plate projectile and explosive targat
' are much greater than A., for the particular test conditions. Figure 16.A

- depicts conditions at the instant of contact (t=o).

13




In Figure 16.B, the time after impact is toy = 2W/Us_ 80 the shock in
the projectile has reflected back and i{s at the projectile target interface.
Also, at the edges of the projectile/target interface, rarefaction waves have
formed, similar to the small projectile ilmpact tests (Figure 1). The high

pressure area at the interface is uRlz, or A] which is much larger than A.p or
sven Avcr for that particular pressure level. In fact A] i3 approximately

equal to Ay, and the critical area is greatly exceeded. Thus, the ignition
phenomeana {s essentially area independent. That is, 1if Eq. (22) is applied to
this coudition, then:

1 ‘r-—""'
 As Pg Upgy ter (32)

Additional tests with large specimen and different plate thickness
(ter = 2W/Ug ) yield the familiar constant energy per unit area criteria (for
certain explosives, or course).

E
cr
A = Pg UPex ter

= Constant
=C ' (33)

This is area iandependent and is a special case of the more general
area dependent pover/energy concapt postulated in this section.

14




ITI. CONCLUSIONS

This investigation has vrevealed simple empirical relationships between
the cross-section section area (A) and/or the critical cross—section area
(Acp) of a small flat faced projectila and certain quantities (Pq, Upex’ teg)
which are critical impact shock variables for five different explosives. The
uniformity and consistency of the primary empirical relations (Eqs. (3), (4),
(6), (10), and (11)) has generated considerable confidence {n their validity,
although their general physical meaning may not be clear. It i{s believed that
they are portions of overall general relationships, which are physically
meaningful. For instance, Eq. (3) (P4 \fx;; = Cy) was employed to simplify

Eq. (18) for (é)tcr so that the influance of the shock velocity was clearly
delineated.

The analysis of the area dependent shock energy input rate (or power)
strougly suggests that it {s a fundamental parameter. For a given shock

pressure input, at least a minimum energy rate (é)tcr must be applied for a
length of time equal to t.pr. This detonation critericn for solid explosives
is analogous to regults reported in the literature [43], [44) and [45] con-
cerning gaseous explosive detonation. It is shown also that the area depen-
dent power imput criteria, and the constant energy (Pg Up ~ tcp) criteria are
indistinguishable when true one-dimensional conditions exist (A >> A.p).

One important spin-~off which evolved from this investigation has been

the application of a crystal lattice fracture/diaintegration criteria [46] to
the prediction of minimum shock pressure required to detonste an explosive.

Some pertinent results are contained herein (Section II.C and Appendix G), but
the analysis and concept are being published in a separate report ([47]). Cer-
tain phenomena observed in shocked inert materials may also be explained via

the crystal lattice disintegration criteria.




IV. RECOMMENDATIONS

A counsiderable amount of computational refinements and numerical axperi-
mentation remain to be accomplished.

a. First of all, the influence of a pcossible polymorphic phase transfor~
mation effect in the mild steel projectiles av: approximately 130 Kbars shock
pressure needs to be investigated. This wey .equire that two different func- .
tions for the steel shock-particle velocity relationship be employed (one
above 130 Kbars and one below 130 Kbars). There are a number of papers and
reports on this effect (not cited herein) which mist be consulted. The pres- .
ent analysis employed a shock-particle velocity function which is best at
somevhat higher shock pressures than shown for any of the data considered
herein (above 200 Kbars). Some of the nonuniformity in the present results
for steel impacts may be caused by an incorrect shock-particle velocity rela-
tion rather than any critical energy criteria limitations (particularly for
the lower shock pressures and larger projectiles). The criterion for this
phase change analysis will be a comparison of the uniformity and consistence
of results with those presently obtained.

b. Determine if possible, via literature search, etc., the appropriate
values or relationships for the rarefaction shock velocity for both the ex-
plosive target and projectile materials. For example, [37] contains such a
relationship in terms of the shock and particls velocities. This, and other
feasible relations or values, should be employed in the following computa-
tions:

1. Recompute A.r and associared relations using the rarefaction
shock velocity for the projectile material.

2. Recompute A.r and associated relations using the rarefaction
shock velocity for the explosive target material.

3. Recompute A.. and associated relations using the compression
shock velocity of the explosive target material.

Compare the paragraphs 1, 2, and 3 results with the pressnt results i
(which used the projectile compression shock velocity) for uniformity and con=-
sistency. The object of all this numerical and input experimentation is to
conform more clcsely to actual physical coaditions. This should ylield more
uniform results from Eqs. (3), (4), (6), (10), and (1l1).

Note that computaticn of A,y via the rarefaction shock velocity in the
projectile is suggested by Moulard [2]. However, employing the shock velocity
of the explosive mataerial (2 or 3, above) may be physically more resalistic
since the explosive also unloads at the projectile interface via a rarefaction
wvave (Figure 1). Thus, the explosive rarefaction velocity may be mora
appropriace for computing A.y than the projectile rarefaction shock velocity.

The application of Fitzgerald's crystal lattice fracture criteria [49].
to shocked induced explosive detonation, wvas deemed important enough to war-
rant documentation in a separate report (47], which contains several sugges-—
tions for future work.
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Figure 1. Impact conditions fer gmall flat-faced cylindrical projectiles.
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Figure 2. Impact velocity required to initiate detonation in five bare explosives.
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TABLE 8. Energy Input Rates for t = 0 and t.r.

EXPLOSIVE PROJECT ILE (E)to (E)ter
JOULES JOULES JOULES JOULES
y-8sec u-sec u=-sec cm“ (p-gec) .
COMP-B3 c(S) 480.79 385.73 309,25 I 2449.00
COMP-~B3 R(SX11) 608.19  427.19 | 1105.80 .
| COMP-B3 A(9X15) 985.38 536,65 871.25
i (OMP-B3 c(10) 603.42 431.76 768.30
. (OMP-B3 A(5X15) 989.73 622.69 630.00
COMP-33 c(19%) 898.50 646.62 | $08.40
COMP-B C(6.3%) 305.16 168.72 126.46 | 963.56
COMP-B €(12.70) 488.9% 232.82 385.97
COMP-B C(14.94) 596. 51 293.37 : 271.66 340.28
TNT C(6.0) 73.80 4.66 2.47 | 261.04
TNT c(7.5) 89.81 4.86 202.83
TNT €(10.0) 115.35 5.10 146.87
TNT €(12.0) 135.78 5.28 | 120.0%
TNT €(15.0) 166.41 $.63 | 575 94.16
TETRYL C(3.175) 17.39 4.49 2.33 | - 219.58
- TETRYL C(7.620) 36.00 7.32 ’ 78.94
TETRYL €(12.700) 58.02 11.00 45.80
TETRYL C(14.940) $9.85 7.66 | 9.15 34.14
PBX~9404 €(1.270) 42.15 32.%0 28.94 | 3319.20
PBX-9404 c(1.778) 39.74 28.79 1602.39
PBX-9404 €(3.556) 68.72 47.09 692.09
PBX-9404 €(7.620) 124.03 79.92 272.00
PBX-9404 €(10.160) 159.98 101.82 197.34
PBX-9404 €{19.050) 314.42° 206.00 73.38 110.31
2 . 2
[ [
NOTE: —— and are from Appendix G, Table G-2.
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APPENDIX A

RELATIONS BETWEEN SHOCK PRESSURE (Pg), PARTICLE VELOCITY (Up),

SHOCK VELOCITY (Ug), AND PROJECTILE IMPACT VELOCITY (VI)




Consider the planar {mpact geometry depicted in Figure A-1 near the cen-
tar of the projectile. The shock pressure (Pg) is a function of the material
density (P,), shock velocity (Ug), and particle velocity (Up).

Experimental data reveal that the shock velocity i{sx 4 linear function of
the particle velocity for many materials. C, and S have been determined for
many metals, plastics and explosives. (Appendix B.) C, ia generally the bulk
modulus elastic wave velocity.

Ug = Co + SUp (A=2)
The projectile—target interface velocity is:

Vy = Vp - UPp = UP: (A-3)
Interface contact requires that the shock pressure in both target and

projectile be equai.

Pg, = 0oy Upy (Cc + St Up,) (A-5)

Equations (A-3), (A-4), (A-S), and (A-6) are solved simultaneously for UPt'

_ =B + Y82 - uc (A=T)

Upe A
B = po, Ce * 200, Sp VI + Pop Cp (A-9)
C = =pog (Sp V21 + Cp V1) (A=10)

If the projectile and target are similar materials, then Eq. (A-7) be-~
comes indeterminant and:

Up = VI/2 (A~11)

Once UPt is known, U’t and P‘t =- P,p may be computed from Eqs. (A-2) and
(A-5), respactively.

The problem may be solved graphically via plots of Py versus Up and
P't versus UPt as shown in Figure A-2. The graphical lolugion can be employed
even 1{f the shock velocity is not a linear function of the particle valocity.
Either Vi or P4 can be given and the graphical procedure will supply the

unknowne.




For example, consider the impact of iron (or mild steel) on Comp-B3 {f
the impact velocity is 2.02 km/sec. From the x—marked points on Figure A-2:

Upex = 1-58 u/.ﬂc
Upp = 0.44 km/sec
Pg = 155 Kbars

Conversely, if Py = 155 Kbars had been given, the particle aud {mpact
velocities could also be deteramined.

The following dimenasional unit relationships proved very useful in the
present computations and literature review:

Gram cm ca
Cﬂ3 p—~sec y—sec

Pg = po Ug Up =

Gran

—— = Megabars (A-12)
cm (u—iec)2

P (Kbars) = 103 P(Megabars)
= 10 P(G;gapaocnll)
= 10~8 P(Pascals)
- 10~2 P —J.’s' (A=13)
[ §
p (=)= 100 P(Kbars) = 105 P(Mbars) (A-14)
cm3
1 bar = 14.504 1bs/fn.2 (A-15)

= 0.98692 atmospherss
&~ 1 atmosphere

goc. that pressure can be expressed in units of energy per unit volume
(J/cm?).

Note also that impact shock pressures can be enormous. In the above
example,

Py

155 Kbars = (155)(14504) PSI

2,248,120 PSI

=~ 2.25 Million PSI
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Figure A-l. Initial shock geometry for planar impact.
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Figure A-2, Shock pressure versus the particle velocity for Comp-B3 and iron.
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APPENDIX B

SHOCK COMPRESSION INFORMATION FOR
PROJECTILES AND EXPLOSIVES




Moulard {2] employed steel projectiles in his work with Comp-B3. Eldh
and coworkers [8) utilized copper projectiles in their experiments with TNT.
Slade and Dawey [6] used both brass a.d steel projectiles to acquire impact
detonation data for both Comp-B and Tetryl. The data from [6] is also shown
in [7). Steel projectiles were employed in the impact detonation experiments
on PBX 9404 reported in [1].

In our present reexamination of thege data, we have used shock loaded
iron data for the steel projectiles which wvere assumed to be mild or low car—
bon steels. For the brass projectiles, shocked copper data was employed. The
shock compression information for copper and iron were obtained from [10] and
[11] which are standard sources for such information. The data used are 2fven
in Table B~1. See Appendix A for their significance.

Shock compression informaticn for the explosives Comp~B3, Comp~B, TNT,
Tetryl, and PBX-9404 is given in Table B-2. The data sources are isted also.




Table B-1. Shocked Projectile Information.

METAL Po Co S SOURCE
Grams co ~ ~ .
cm u—sec
Iron 7.840 0.3850 1.580 Refs. 10, 11 .
: Copper 8.903 0.3958 1.497 Refs. 10, 11
Table B-2. Shocked Explosive Information.
EXPLOSIVE Po Co S SOURCE
Grams cm ~ ~
cm3 u—sec

Comp-B3 1.70 0.303 1.73 Ref. 12
Coamp-B 1.70 0.295 1.67* Ref. 12
TNT (Pressed) 1.635 0.208 2.35 Ref. 26

Us < 0.19  0.020 4.50 )
Tetryl (Porous) 1.50 Ref. 13%

Ug > 0.19 0.090 2.67 ;
P3X-9404 1.842 0.245 2.48 Refs. 14, 26
*S vas oodified from 1.58 to 1.67.
**gs i3 a nonlinear function of Up for py = 1.50 grams/cm3. Table 2 and
Figure 3 of [13] were used to obtain Us, Up and Pg. This corresponded closely
to the density (1.54) of the tetryl employed in the work reported in (6]. The
two linear relations in Table B~2 were employed in the present analysis to
represent the nonlinear variation.

B-2
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APPENDIX C

THE CRITICAL ENERGY CRITERIA
AND DATA




As mentioned in the analysis section, the critical energy criteria wus
developed by the authors of {4) via examination of experimental data reported
in {5]). These data were for explosive detonation via thin metallic foil {m~
pact (Figure 12). A dependence on the foil thickness (and, hence, shock pulse
duration) was noted for these one~dimensional impact conditions. Analysis of
these data rtevealed that:

Pza ter

Pg U ter ®
Pex (po Usdex

-Cl

Energy/Area

Force/Length

Constant (C-1)

Where:

Py = Shock Pressure

Ug = Shock velocity of the explosive

ex

= Particle velocity of the explosive behind the shock

= Unshocked density of the explosive

ter = Constant pregssure pulse width, ZW/U‘proj

W = Thickness of metallic foil or place

= Shock velocity in metallic foil impactor

¢ = A constant or practically a constant for asny explosives.

It has the units of energy per unit area or force per
unit length. The magnitude of C) is different for dif-
ferent explosives.

Numerocus investigators have provided comments on the physical signifi-~
cance of the two forms (Pg ' t and P,zt) of Eq. (C~1). Several papers pre-
sented at the Sixth (1976), and Seventh (1981), International Sympoeiums on
Detonation ware devoted to this topic. For example, see (18] through (25]
and [40].

All explosives do not conform to the critical energy criteri{a exprassed
by Eq. (C=1). Roth, in [9], discusses the impliications and provides examples
for explosives which follow a more general form of Eq. (C-1) which {s:

Plyter = £(Py) (C=2)

Wheie f(Pg) {s a function of the shock pressur-.

c-1




In this connection, it should be noted that according to the Ccle [36],
the form of the energy flux density relstion (Eq-(C-l)) omits the contribution
of the internal energy (E-E,) and kinetic energy (dp2/2), and considers onl:
the pressure work (Pg/P). 1If the internal and kinetic energies are accounted
for, theu the energy flux density (energy per uanit area) is:

t
rler Un2d P
E¢q = ) Up (E - Eo + -IZ’—- + —)dt .
7 P
ter .
= r o) Up (Up U.) dt
A :
ter
Ug = U-
o s v
1 Pgl dt

- ; P (C'3)
%)

Sicce {n the present case, all quantities %o be irtegrated are constant
fromt = o to t = t.p, then: '

Pg? ter Us
E - = ——— P, Un t
fd T P, ) Ug - Up s “p tcr

po {Usg - po Us

o} .
b —] Pg Uy t Cc=4
<°o> s Up ter (C=4)

Thus:
Py c-5
Pg? ter = po Efd (ho T %o U.) (€=3)

Which i{s similar in form to Eq.(C-2) since the RHS of Eq. (C-5) is a
function of Py. The addition of the internal energy and kinetic energy
appears important enough to be taken into account in some cases since:

P . Usex
Po/ ex Usex ~ UPex (C-6)

Varied from 1.135 to 1.378 for the 5 sets of data considared herein.
That is, the internal and kinetic energies contributed from 13 to 37 percent
more energy than accounted for by Eq. (C-1).

c-2




This would appear to be a cubject for further exploration for both the
critical energy and critical area concepts, particularly for those explosives
vhich do not comply with Eq. (C-1).

The fact that the detonation energy criteria for many explosives is given
by Eq. (C~1) implies that the shock pressure energy (Py/p) is the dominan:
ignition factor for these explosives, since the internal energy (E - Ey) and
kinetic energy (UPZ/Z) are not included. Andersen [41] agrees with this
interpretation since ha says:

“Thus the critical energy merely represents the Hugoniot energy delivered
during the shock ignition of the materisl, and has no special relevance to the
ignition process other than that a particular pressure is required to cause
self-sustained ignition of the msterial in a particular time."

The authors of [40] provide the following interpretation of Pg/p work
based on molecul:: dynamics calculations:

"It appears that vhat has besn called Pdy work i{s really not a piston
action but a summation of the microscopic kinematic processes.”

Also, see Cole's commants ({36], pp. 145, 233-234) relative to shock vave
energy dissipation i{in vater.

v Nominal values for the constant critical enargy per unit area (Cy) for
Comp—~B3, Comp-~B, TNT, Tetryl, and PBX 9404 (as employad in the present
investigation) are listed in Table C-1. The sources for this {nformation are
listed also, along with the dansity. »

As indicated in Tables B~1, B~2, and C~1, the shock compression infor-
mation necessary to analyze the impact detonation data came from multipie
sourcas. Whan {nformation from two or more sources (even for the same
designated explosive) must be employed, there is still coansiderable risk of an
"apples and oranges” mix. This is because all the factore which affect deto~
nation (composition, manufacturing process, projectile msterial, grain size,
density, etc.) are not necessarily the seme in all respects.

For example, Moulard ([3], Pigure 2) lllul;rltil differances {n the cne-~
dimensional Pg~t sensitivity results for the Prench snd U.S. Comp~B explo-
sives. Apparently, the chemicsl compositions are slightly differeant. In the
present aocalysis of Coap-B data (6], a value of Plup.xccr = 185 J/ca? (Table
C-1) was employed. This may not correspond to the U.S. Comp-B, but this value
from [15] was all that was available vhen the impact dats vare being analyzed.

Moulard ([3]), Figure 2) also notes that in [2] "Comp~B3 and Comp—B 1-D
senaitivity data were abusively assumed identical.” If he 1is referring to the
French Institute of Saint Louis (ISL) Comp-B and Comp~B3, there does not seenm
to be much difference. We ware able to duplicate Moulard’'s {2] results by
using the information listed in this appendix and Appendix B.




B-~2, and C-1 gave rather consistent
analysis of the experimental impact
formation becomes available for any
will be reexamined to ascertain how
ceapts.

Although {t could be fortuitous, the information listed in Tables B-~1l,

and reasonable results when applied to the
detonation data. If more aporopriate in-~
of these explosives, the basic impact data
well it conforms to the critical area coun-

C-4




TABLE C~1. Explosive Critical Energy.

EXPLOSIVE Pogx PglUpyter PglUpexter SOURCE
Grams Joules Cal ~
ca cu2 CIZ
Comp~B3 1.73 140.00 33.4 Ref. 2
Comp-~B 1.73 185.00 44.2 Ref. 15%
TNT (Pressed) 1.645 142.36 34.0 Ref. &
TETRYL 1.655 42.00 10.0 Ref. 16
PBX~9404 1.842 50.244 12.00 Ref. &

*Reported in a revision to [15]). The primary source {s [3]. Since one
calorie = 4.187 Joules then the energy units conversion factors are:

E(Joules = (4.187) E(Calories) 3

E(Calories) = (0.2388) E(Joules)

C-5/(C~6 blank)




APPENDIX D

~ MOULARD'S CRITICAL AREA CONCEPT




Moulard's critical area concept is best explained with the aid of Fig-
ure | which is an adaptation of Figure 2 of [2]. Figure 1 {s esasentially a
more detailed depiction of the shock reflections in the projectile than is
shown in Figure A-1 (Appendix A).

Inspection of Pigure 1 reveals that at time, €, only a portion of the
projectile/explosive interface is s%n{ll subjected to the original high shock
pressure (Pg) generated at impact (t = o). Only that portion of the area
enclosed by the radius, r, has been loaded with the initial shock preéssure
during the time, t. If t is koown (t < R/Cp), then:

r=R-~- Cpt (D-1)

Moulard defines the critical initiation conditions as follows (which 1is
a direct quote from [2]):

"At a given shock pressure, the shock-detonation transition occurs only
{f a sufficient area of the explosive target is loaded at high pressure for a
time equal or greater than the critical shock duration t(p) measured in plane
shock-wave experiments at the same shock pressure.”

The critical shock duration time, t.r, 18 known via Eq. (1) {f either
Pg or Vi is known (see Appendix A).

ter = fl (D~2)
Pelpex .

The critical area is then:

Acp = "RZ ¢ (D=3)

Where:

Rcr = R - CP tcr (D“‘)

It ghould be noted that the critical area concept is independent of the
constant energy (per unit srea) concept. However, t.r must be known from some
gource as a function of shock pressure or some known variable. For example,
see Eq. (C=2) in Appendix C.

In equation D—4, Cp {s the velocity of the rarefaction wave from the edge
of the projactile. In our data reductior, we employed Uy _, the projectile
shock velocity, for Cp. P

The above procedure to determine A.y can be adapted for differeat projec-
tile cross-section shapes. Moulard also cleverly employed rectangular aund
concentric circular cross-sactions to illustrate his point. We vere able to
verify his calculations of A.r for these snapes (Tables D-1 and D~2). These
tables, in conjunction with Table 1 in the main body of this report, illus-
trate the procedure,




The A,y computations for the tubular or annular projectile [2] are as
follows (Figure D-2):

R=R = U, * ter
TL - T U, *oter
Acr = w(R12 = r12) = Area shocked to Pg . level for time, tcr- .

The A,y computation for the rectangular bar projectile (2] is as follovs
(Figure D-3): -

s L=lUg *t
'p cr
WelUg *t
.p Ccr
Ly = L -2 (aL)
Wy =W -2 (aW)

Acr = L1 * W)

TABLE D~1. Annular Projectile Critical Area.

ANNULAR

PROJECTILE R r Ry ry At Acp** A
cm (-} cm (-] Clz Clz Cﬂz

A(9x15) 0.75 0.45 0.6817 0.5183 0.6160 0.62 1.131

A(5x15) 0.75  0.25 0.6573 0.3427  0.9883 0.95 1.571

*See Tabla 1

*%*Reference 2, Figure 5




TABLE D-2. Rectangular Projectile Critical Area.

RECTANGULAR

PROJECTILE L W L1 Wy Acr* Acg** A
ca ca cm cn cm? cm? cnl

R(5x11) 1.10 0.50 0.9916 0.3916 0.3883 0.39 0.55

*See Table 1

#**Rgference 2, Figure S




Figure D-1. Critical area geometry for annular projectiles.
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Figure D~2. Critical area geometry for rectangular projectiles.




APPENDIX E

THE JACOBS—~ROSLUND EQUATION




An empirical relation, known as the Jacobs equation or the Jacobs--Roslund
equation ([l] and [17]) is widely used to predict the critical velocitv for
projectile induced detonation of an explosive. This equation, in a practical
form from [1] 1is:

A cT
' vc-VD-_(1+B) L+ = (E-1)

' ® ® 06

V. = required fragment i{mpact velocity on warhead case - L/t
A = explosive sensitivity coefficient = (L)3/2/¢t

B = fragment shape coefficient, dimensionless

C = cover place protection coefficient, dimensionless

T = cover plate thickness = L

D = characteristic dimension of the impsctor cross-sectional area = L

The significance of the factors C:), (:), and (:) is as follows:

Pactor f:}

A _ . Vo for {mpact detonation of bare explosive with flat faced
Vv projectiles.

Fnctor_g:l

(1 + B) = Correction factor for projectile shape effects (bare
explosive).

Factor f:?

1+CT
( --) = Correction factor for cased, covered, or protected
axplosiva.

D




Note that factors <:> and (;) are both concerned with the bare unpro-
tected explosive. The analysis In this report is relevant to factor 1 for
planar {mpact with flat faced projectiles.

For this 3ituation, Eq. (E-1) reduces to:

A
Ve = -W- (E=-2)
Or
VZCD = AZ = Constant (E=3)

Note that Eqs. (E-2) and (E-~3) are equivalent dimensionally to:

Epergy L3v2
. 5 —=— = o V2L (E-4)
Area g L2 e

and p i1 constant {f the projectile material remains unchanged.

Table E-1 and Figure E-1 contain the computed values of A for the explo~
sives considered in the present study. Figure E~1 reveals that V. \rf'il
indeed constant to a remarkable exteant. Table E-2 lists the present average
results, with the projectile material. Considering the factors (see Appendix
C discussion) which affect sensitivity for a given explosive,.the present
values appear reasonable.

The simplicity of Eqs. (E-2) and (E-3) can hardly be improved upon.
However, the situation is mure complex than it appears to be, particularly for
noncircular or annular cross—sections. For the three such cases considered
hereir, it is worth noting that computing Deq gave Vc\fﬁ.rcsults consistent
with the solid circular cross—sections (Table E-1). Deq is the diameter of an
equivalent circular area.

The critical area concept canm obviously be employed to check the "D"
computations. For example, the projectile cross-section aras, A must be
greater than Acyr. From a conservative point of view, the smallest dimension

(W) of a rectangular projectile is the most important one from Uy t.,

consideritions. The example of the R(5 X 11) projectile in Appendix C
illuetrates this. Obviously, W must be greater than 2U, t.,. or A.r is zero
and detonsation initiation will not occur. P




Table E-1.

Determination of Explosive Sensitivity Coefficient.

(Vo VD = CONSTANT)

%D = gquare root of cross-saction area times 2/VY «

= Equivolent Diameter, Deq-

E-3

EXPLOSIVE PROJECTILE D Ve veVD
~ e
u~sec r-sec
COMP-B3 c(5) 5.00 2.020 4.517
COMP-B3 R(5x11) 8.37% 1.415 4.093
COMP-B3 A(9x15) 13.65*% 1.275 4.710
COMP~B3 C(10) 10.00 1.225 3.874
COMP-B3 A(5x15) 14.14% 1.105 4.155
COMP-B3 c(19) 15.00 1.000 3.873
Z.Ib’Zav
COMP-B C(6.35) 6.35 1.320 3.326
COMP-B C(12.70) 12.70 0.900 3.207
COMP-B C(14.94) 14.94 0.850 3.285
3.27av
TNT C(6.00) 6.00 0.770 1.886
TNT c(7.50) 7.50 0.690 1.890
TNT €(10.00) 10.00 0.599 1.894
TNT €(12.00) 12.0C 0.548 1.898
TNT €(15.00) 15.00 0.492 1.906
. av
TETRYL C(3.175) 3.175 0.804 1.433
TETRYL €(7.620) 7.620 0.541 1.493
TETRYL C(12.700) 12.700 0.433 1.543
TETRYL C(14.940) 14.940 0.387 1,496
T . 3§Iav
PBX-9404 c(1.270) 1.270 2.20 2.479
PBX-9404 C(1.778) 1.778 1.62 2.160
PBX~9404 C(3.556) 3.556 1.13 2.130
PBX-9404 €(7.620) 7.620 0.75 2.070
PBX-9404 C(10.160) 10.160 0.65 2.072
PBX~9404 €(19.0%0) 19.050 0.50 2.182
!. IHav
NOTE: V. (mm/y-sec) = V. (km/sec)




Table E-2. Explosive Sensitivity Coefficients (A).

PROJECTILE
EXPLOSIVE MATERIAL A
- - anl/?
e {14 *
~ ~ PRESENT "
RESULTS
COMP-B1* Steel 4.204
(Ref. 2)
COMP-B Steel and Brass 3,273
(Ref. 6)
TNT (Prassed) Copper 1.895
(Ref. 8)
TETRYL (Porous) Steel and Brass 1.491
(Ref. 6)
PBX-9404 Steel 2.,182u%
{Ref. 1) .

*See comments in Appendix C with respect to this explosive.

**Refereance 1 determined A to be 2.05, possibly by using all points defining
the detonation threshold (including those just below the threshold).
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APPENDIX P

DIAMETER EFFECT ON DETONATION SHOCK VELOCITY [~

FOR CYLINDRICAL EXFLOSIVE SPECIMENS




It {s well known that there is a size effect on the detonation velocity
achieved 1u cylindrical explusive samples (for exampla, see [27]-[33])). That
is, the final detonation velocity, D, achieved in a cylindrical explosive
specimen (ignited on one end) is dependent on the diameter (d) of the sauple.
Normally, there i{s also a limiting small diemeter such that detonation will
not propagate (D = O0). Equation (1) of [29] is a rather gereral form of the
observed relationships between D and d. This equation is:

Da-D . (sz_a) _ a0 (F-1)
d.X D-

Whera
D. = Detonation shock velocity in an infinite explosive mediunm.

D = Detonation shock velnzity in a cylindrical explosive sample whose
diamater is dggx.

dex = Dianeter cf explcsive speciman.

RZL = Reactics . e Length, or some characteristic lengrh associlated with
the datonetion prauvax.a. *

The authors of [29] and {30] consider the reaction zone length to ba:
RZL = (D =~ Up) tr ' (F=2)

Whera

Up = Particle velocity in the reaction zone bshind the detonation shock
front.

ty = Resaction tims.

Thus Eq. (F=~l) could be written as:

D.D: D_ [(D -.:22 tr ] (7-3)

Where f still denotes a general functional relstionship (31]. Both theoreti-
cal and experimaental results for many explosives indicate that AD {s directly
proportional to 1/dgy so that an explicit functional relationship is:

D =D . [(D = Up) ex ] (P-4
ex

Where

K = A numerical constaat.

F-1
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Physical reasons for the size effect on the detonaticn velocity are
stated by Kistiakowsky [27] and by Ubbelohde [28). They say that if radial
expansion occurs in a cylindrical charge behind the wave front before the
chemical reactions have been completed, the chem‘cal energy of this unreacted
explosive is uravailable to drive the wave. The amount of radial expansion is
governed by the diameter of the charge; the smaller the diapeter, the greater
the radial expansion and chemicel energy loss. This chemical energy loss
lovers the detonation shock velocity from D, to D. .

Table P~1 is a list of detonation shock information for the axplosives
analysed in this report. Sourrss for this information are given also. This
information is from one-dimensional tesi results.

A question which naturally arises is: What relation does the phenomena,
described above in this appendix, have to the topic of the main body of this
report where the explosive samples are large enough (relative to the projec-—
tile size) to be considered an infiprite medium?

A glance at Figure 1 ({vwhich is reasonably scaled) reveals that even
though the explosive targst is large relative to the projectile, the highly
shocked critical region where the ignition reaction begins is confined to a
volume whose dimensions are the same order as the projectile diameter. Gener-
ally, as shown herein (Tables 1 through 6), these dimensions are always less
than the projectile diametar. In addition, digitsl simulations which model
the molecular dynamics of two-dimensional impacted solids (/34] and [35] show
that:

"Lateral transfer of shock energy is minimal, even when the ldattices are
{nitially thermally highly excited.”

This is a direct quote from [35]) and means that most of the shock effects
are confined to the material immediately ahead of the finite projectile.
Numerous figures in {34] and [35] {llustrate this also.

Thus, it {s not surprising that there i{s a strong projectile cr_ss-~
section size effect on explosive datonation via impact. Furthermors, certain
aspects of finite projectile induced detonation may be sumewhat similar or
analogous to certain features of the cylindrical explosive diameter effect as
delineated above in this appendix.

Sufficient information was not avaiiable {a (1], (2], (6], and [&] (or
other sources) to ascertain if Eqs. (F=3) or (F-~4) vere applicble to the pro-
jectile induced detcnation data specifically considered in this report.
However, somewhat analogous to Eq. (F~2), an ignition zone length, IZL, could
be computed as follows:

I2L = (U..x - Up‘!) tcr (F-S)

Whare Ug and tor hav2 the same definitions employed in the main
body of this 'fpor ¢X See also Pigure 1 which shows that this is the dis-
tance betwveen the projectile and the shock front when t = t... Ignition phe-
nomana must occur within this length of shock compressed explosive material.
Was there some relation between the IZL and the projectile cross—section
dipensions?

F-2
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To answer this question, the ratio, IZL/YA was computed for all the data
considered herein. A is the cross-section area of the projectile. It was
found empirically that:

: Iz2L (U - U Y t
; 2o wm 1 8px Pax’ CT (F-6)
i VA VA

~ Cs is a constant or practically a comstant, over a wide range of condi-
tions for a giveu explosive. Cs was different for each of the five explo-
sives considered in this report. Cee Table 6 and Figures 6 and 7 in the main
body of this report.

The ratio, IZLﬂVI, 1s somevhat analogous to the ratio, RZL/dex, on the
RHS of Eqs. (F-1), (F-3),~and (F-4). Equation (P-6) means that the IZL {s
directly proportional to the projectile cross-section area. Note that this
result (Eq. (F~6)) was aestablished independently of Moulard's Critical Area
Concept.

F-3
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TABLE F-1. Explosive Detonation Characteristics.

RXPLOSIVE Po D, Up- Ps_
Granm cm cm
3 '
cm u—~sec u=sec - 3
COMP-B3 1.70 0.790 0.280 376
Ref. 12 Ref. 12
COMP-B 1.70 0.780 0.290 385
Refs. 12, 33 Ref. 12
TNT (Pressed) 1.54 0.590 0.205 219
Ref. 31 Ref. 26
TETRYL (Porous) 1.50 0.705 ~ ~
Bef. 13
PBX-9404 1.84 0.878 0.225 360
Ref‘c 261 33 Rcf- 26
F-4
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APPENDIX G

MINIMUM DETONATION SHOCK VARIABLE MAGNITUDES

VIA A CRYSTAL LATTICE FRACTURE CRITERION




Eianthe Sl S ko L

From particle Jdynamics concepta, Fitzgerald ({46], Chapter III) derived
an expression for the particle velocity necessary to produce self-sustained
lattice disintegration. He called this velocity the phonon-fission velocity,
Ve,

Consequently, it seemed feasible that lattice breakup could initiate
detonation in explosives. If so, then V¢ would be the minimum particle velo-
city (due to {mpact or shock) required to cause detonation in one-dimensional
large samples. The corresponding shock velocity, Ugs and shock pressure, Pgg»
ara (Appendix A):

Uge = Co + S * Vg (6-1)

f
Pes = POax * Uﬂf * V¢ (G=2)

Reference [47) documents the computation of Vs, Use and P,f for Comp-B3,

Comp-B, TNT, PBX-9404, and Tetryl. Available experimental data compared
favorably with the computed results.

Table G-1 lists V¢, Uy, and P4, for the above explosives {[47]. The
f 8¢ 8¢

V¢ magnitude for Tetryl (po = 1.5 grams/cc) is considered slightly high since
certain elastic wave velocities (employed to compute V¢) were for p, = 1.68
grams/cc.

0f particular interest in the present analysis were the magnitudes of
Usf (Table G-1) which would be employed i{in Eq. (16) of Section 1I1.C to compute

an upper bound for ()¢, . Table G-2 contains the numerical results for both
the upper and lower boutds of (E)¢ ¢ as per Eq. (18). These results are
plotted, as appropriate, in Figurcﬁ 12, 13, and 14. See the discussion in
Section I1.C.

For cowparison purposes, experimental rasults for P from the present

analrais vere acquired via Figures G-1 through G-5. In these figures the
inverse projectile diameter (1/dp) is plotted versus the {nitial initiatinog
presstre, Ps. True one—dimensionsl conditions are consideraed to exist where
1/dp equals zero.

Note that for these explosives:
(Pg - P‘nin) dp x Constant (G=3)

P'nin is the extrapolated poiut where l/dp equals zero, or one-
dimensional conditions exist.

The computed P.f and experimental P'-in comparison varies from fair (TNT,
Teatryl, and PBX-9404) to very good (Comp~B]) and Comp-B).

See also the theoreticsal and exparimental results comparison presented in
B [(47]). 1This {llustrates that the magnitude of experimental P’uin data spread
which exists for strictly one~disensional tast conditions is comparable to the
differences in Py, and Pagin sxhibited io Figures G~1 through G-3.
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Equatidn G=3 implies that:
(Pg = Pain) VA = Constant (G=4)
and Bq. (G=4) multiplied by Eq. (6) (Section 11.B) yields:

(Pg = Pain) (U'ex - UPex) ter = Constant (G-95)

An analyses of the present sets of projectile-explosive impact detonation
data has confirmed Eqs. (G-4) and (G-5) to a remarkable extent. See Section
I1.B in the main text of this report.




TABLLE G-1. Numerical Results for V¢, Ugs and 24¢,

MATERIAL Ve Ugg Pog
cm ca
~ KBARS
= y—sec y—sec

Comp-B3 0.04170 0.3751 26.59
INT 0.03739 0.2959 18.09
(Pressed)
Do = 10635
TETRYL* 0.03543 0.1794 9.53
(Porous)
po m 1.50
PBX-9404 0.04109 0.3469 26.16
Po - 1-835

e, U.,f and P,f for Tetryl are slightly high since longitudinal (C;) and
transverse (C,) wave velocity data for p, = 1.68 gram/cc wvere employed to
compute V¢ [47].




TABLE G-~2. Computation of Upper and Lower Bounds on (é)tcr_

EXPLOSIVE  C3 c2 Ugg c2 D, c2 Pey
TABLES -
1-5 Pogex TABLE G-1 po,, Use TABLE -1 oo D, TABLE G-1
- Joulea? J-CM M Joules CM  Joules
o4 6 (u-sec)2 u—sec y~sec y—sec sec KBARS
X 10

COMF-B] 41.5328 244.31 0.3751 651.32 0.7900 309.253  26.59

COMP-B 16.7690 98.641 0.3631 271.66 0.7800 126.463  25.16
™ 0.2782 1.7012 0.295%9 5.75 0.6900 2.466 18.086
TETRYL 0.2460 1.640 0.1793 9.15 0.705 2.326 9.53
PBX-9404 4.6708 25.454 0.3469 73.38 0.8780 28.937 26.16
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. “w o SYM DESCRIPTION

® P , TABLE G-1
8¢
o) P, , TABLE 3
3.0 P =18.1 KBARS

[ "t
B, 10-5 KBARS

Figure G-3. Inverse projectile diamaeter versus impact shock pressure for TNT.
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4‘0

3.0

2.0

1.0

i igure G-4.

SYM DESCRIPTION

S P, TABLE C-1 .

0 Ps y TABLE 4

P' = 9.5 KBARS,

Ppin=5-0 KBARS

"vvl-""vvv"v"v‘v-yv"rﬁv"'v"vv11]

20 30 40 50 60
P, KBARS

Inverse projectile diameter versus impact shock pressure for Tetryl.
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